The high food ration was typically as much as the tadpoles could consume and was always three times the low food ration. Larval survival, growth rate, length of larval period, and mass at metamorphosis differed significantly between the two food levels in both years (P Ͻ 0.001, t tests), demonstrating that the low food level constituted a significantly less favorable environment than the high food level. 20. Individuals metamorphosing from our high food treatment weighed an average of 0.359 g in 1995 and 0.319 g in 1996. Average mass at metamorphosis of H. versicolor reared in field enclosures was 0.340 g in the sun and 0.310 g in the shade (13). In a natural population of H. chrysoscelis (the cryptic sister species of H. versicolor), average mass at metamorphosis was 0.33 g (28). 21. Tadpoles were randomly assigned to food levels and blocks within our randomized block design. The experiment was conducted blind with respect to genetic identity. 22. Performance was measured as follows: wet mass (to the nearest milligram) on day 30 of the experiment-a measure of early larval growth rate; the larval period in days from the beginning of the experiment (stage 25) (29) When dissimilar images are presented to the two eyes, perception alternates spontaneously between each monocular view, a phenomenon called binocular rivalry. Functional brain imaging in humans was used to study the neural basis of these subjective perceptual changes. Cortical regions whose activity reflected perceptual transitions included extrastriate areas of the ventral visual pathway, and parietal and frontal regions that have been implicated in spatial attention; whereas the extrastriate areas were also engaged by nonrivalrous perceptual changes, activity in the frontoparietal cortex was specifically associated with perceptual alternation only during rivalry. These results suggest that frontoparietal areas play a central role in conscious perception, biasing the content of visual awareness toward abstract internal representations of visual scenes, rather than simply toward space.
larval period, metamorphic mass, and (in 1996) postmetamorphic growth but did not include survival because the unit of analysis for this variable was the family rather than the individual. We present results for the multivariate effect of call duration, based on Wilks' . Data were appropriately transformed in both univariate and multivariate analyses. 26. R. R. Sokal and F. J. Rohlf, Biometry (Freeman, San Francisco, 1981 When dissimilar images are presented to the two eyes, perception alternates spontaneously between each monocular view, a phenomenon called binocular rivalry. Functional brain imaging in humans was used to study the neural basis of these subjective perceptual changes. Cortical regions whose activity reflected perceptual transitions included extrastriate areas of the ventral visual pathway, and parietal and frontal regions that have been implicated in spatial attention; whereas the extrastriate areas were also engaged by nonrivalrous perceptual changes, activity in the frontoparietal cortex was specifically associated with perceptual alternation only during rivalry. These results suggest that frontoparietal areas play a central role in conscious perception, biasing the content of visual awareness toward abstract internal representations of visual scenes, rather than simply toward space.
Binocular rivalry provides a useful experimental paradigm with which to study the neural correlates of conscious perception (1) (2) (3) . When dissimilar images are presented to the two eyes, they compete for perceptual dominance so that each image is visible in turn for a few seconds while the other is suppressed. Because perceptual transitions between each monocular view occur spontaneously without any change in the physical stimulus, neural responses associated with perceptual processes can be distinguished from those due to stimulus characteristics. Recent neurophysiological studies in awake monkeys have established that, whereas the firing of most neurons in primary visual cortex (V1) correlates with the stimulus and not the percept during rivalry, activity of neurons at higher levels in the visual pathway, such as in the inferotemporal cortex, reflects the perceptual state (3) . These findings suggest that rivalry results from a competition between alternative stimulus interpretations at a level beyond the stages of monocular processing early in visual cortex (4) . Psychophysical observations also suggest that perceptual alternation during rivalry results from the same neural operations underlying other multistable perceptual phenomena, such as depth reversals and ambiguous figures, that show similar temporal dynamics to binocular rivalry (5). Although less pronounced, similar perceptual fluctuations can also be experienced in normal vision and may therefore reflect a basic perceptual strategy to resolve visual ambiguity (6) . Yet despite significant interest in the neural correlates of binocular rivalry (1) (2) (3) , the mechanisms underlying these perceptual alternations remain unknown.
Here we investigate these mechanisms by characterizing neural activity associated with perceptual transitions per se, rather than activity associated with perceptual state during rivalry. Our results provide evidence for an involvement not only of occipitotemporal visual areas in binocular rivalry, but also indicate a specific and previously unknown role for frontoparietal areas in mediating the perceptual transitions experienced during rivalry. These results were obtained by measuring brain activity with functional magnetic resonance imaging (fMRI) in humans who reported their percepts under two different viewing conditions (7). In the first condition, subjects viewed dichoptic stimuli consisting of a red-colored drifting grating shown to one eye and a green-colored face shown to the other eye. These images were chosen because they are highly dissimilar and readily produce full-field rivalry when viewed through stereoscopic glasses. By manipulating the contrast setting in each image, we were able to bias perceptual dominance in favor of the grating, with long periods during which the grating was seen alone interrupted by shorter incursions of the face in conscious perception ( Fig. 1) (8) . Subjects used key presses to signal perceptual alternations from the grating to the face or vice versa. To control for motor effects, we compared the activity evoked during rivalry to that elicited in a second, nonrivalrous viewing condition that required the same type of motor responses. In this second condition, subjects were exposed to a "replay" of their perception during rivalry. This was achieved by presenting, in a chronology specified by the key reports during rivalry, either the face alone or the grating alone to one eye, and a gray patch of comparable luminance to the other eye. At transition times, physical blends of the face and grating were shown. This stimulation was designed to produce a perception that closely mimics rivalry in both quality and timing, thus resulting in a matched sequence of motor reports in the two conditions (9). Because prolonged periods of stereoscopic fusion can cause ocular fatigue, a third, passive condition was also introduced during scanning to allow visual rest.
Functional MRI scans from six participants were analyzed as a group to identify brain areas where activity was consistently correlated with the perceptual changes reported during either viewing condition (10, 11) . To distinguish transient activity associated specifically with perceptual alternation from other, nonselective effects of viewing condition, we modeled the predicted hemodynamic response to each transition event and tested for the presence of such responses in the data while treating the mean condition-specific effects as confounds. Such an event-related modulation of the fMRI signals reflects neural activity that is locked to the time of occurrence of perceptual transitions between face and grating. During rivalry, transient responses associated with shifts of perception were found bilaterally in extrastriate areas of the fusiform gyrus, in right inferior and superior parietal lobules, and in bilateral inferior frontal, middle frontal, and insular cortex ( Fig. 2 and Table 1 ). Eventrelated activity was also observed in regions of the anterior cingulate cortex, supplementary motor area (SMA), and left primary motor and somatosensory cortex, consistent with the preparation and execution of appropriate motor reports. The estimated hemodynamic response to single transition events is shown for a representative region of activation in Fig.  2 as a function of postevent time (12).
Although neural correlates of rivalrous transitions were expressed at multiple levels of the visual occipitotemporal pathway, such correlates were not observed in primary visual cortex. Perceptual transitions experienced during dichoptic stimulation were highly correlated with activity in extrastriate areas concerned with the representation of higher order properties of the visual scene (13). In particular, we detected transient responses that reflected these perceptual changes in regions of the fusiform gyri that included areas previously implicated in the perception of faces (14) . By contrast to higher visual areas, early visual cortical areas showed no significant modulation of activity during rivalrous transitions. The differential involvement of early and higher visual cortical areas in rivalry was further confirmed by an analysis of activity correlated with the perceptual state rather than with the perceptual transitions reported by the subjects (15). These results in humans are consistent with recent findings in monkeys, suggesting that rivalry reflects central processes that take effect subsequent to the analysis of both monocular stimuli (3, 4) .
By comparing rivalry to a nonrivalrous viewing condition, the present study also allowed us to provide an answer to the central issue in multistable perception-whether a specific machinery mediates the ongoing selection among sets of neuronal events competing for visual awareness. Because the rivalry and replay conditions yield similar perception and behavior, we expected them to engage common neural pathways associated with the internal representation of visual 2 . Event-related activity during rivalry and replay conditions. (A) Four views of the medial and lateral surfaces of a rendering of the T1-weighted anatomical template image in Talairach space, on which are superimposed areas where evoked activity was specifically related to perceptual transitions in either the rivalry condition (red) or the replay condition (green). A statistical threshold of Z ϭ 3.09 (corresponding to P Ͻ 0.001, uncorrected) was used for display purposes; peaks of activation reaching statistical significance after correction for multiple comparisons (P Ͻ 0.05) are listed in Table 1 . The areas modulated by perception during both rivalrous and replay viewing, and the bilateral symmetry of the evoked activity are apparent. (B) Illustrative postevent histograms of the modulation of activity produced by transition events in rivalry (red) and replay (green) conditions from three different subjects. The evoked activity (percent change in BOLD contrast) is shown as a function of postevent time (in seconds) for each subject, with the fitted models of hemodynamic response function superimposed in solid lines. The modulation of activity shown here is taken from a voxel in right anterior fusiform gyrus (x ϭ 33 mm, y ϭ Ϫ45 mm, z ϭ Ϫ21 mm; Z ϭ 8.10, P Ͻ 0.001 corrected).
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 280 ⅐ 19 JUNE 1998 scenes and the generation of appropriate motor responses. This was confirmed by the fMRI data: Event-related activity during replay was similar to that evoked during rivalry in visual areas of the fusiform gyri and in areas associated with movement ( Fig. 2 and Table 1 ) (16). However, the rivalry and replay conditions differ fundamentally in the way that they achieve alternating perception. Whereas perceptual shifts during rivalry derive from an endogenous neural instability in the absence of changes in the stimulus, during replay they rely on exogenous manipulation of the visual input. Hence, we reasoned that any differential event-related activity between the two conditions would reflect these differences. Such a contrast would expose the mechanisms underlying the ongoing selection between conflicting perceptual interpretations during rivalry, a conflict that is not evoked by the replay condition. In addition, we predicted that the early visual cortex may show less transient activity during rivalry than during replay, because dichoptic stimulation causes little modulation of neuronal activity and possible inhibition at this stage of processing (3, 17) , whereas repeated stimulus onset and offset as generated during replay typically evoke strong cortical responses.
In contrast to the bilateral pattern of event-related activity in common across conditions, activity specific to the rivalry condition was strongly lateralized to the right hemisphere. Selective activation during rivalrous perceptual transitions was seen in a region of right extrastriate visual cortex, Brodmann area (BA) 19, and in the right inferior parietal, superior parietal, and inferior frontal cortex ( Fig. 3 and Table 1 ). This pattern of activation was both highly significant and consistent across subjects. We also characterized areas where transient activity associated with perceptual alternations was greater during replay compared with rivalry. Areas that showed such differential activation were located in early visual cortex (medial portion of BA 18), in accord with our prior hypothesis ( Fig. 3 and Table 1 ). The comparison between the rivalry and replay conditions demonstrates a double dissociation; right frontoparietal regions show greater transition-related activity during rivalry, whereas early visual cortex shows greater transient responses during nonrivalrous viewing. These differences cannot be attributed to the generation of motor reports because the two conditions entailed the same sequence of motor responses and produced similar activity in cortical areas associated with movement (9). It is also unlikely that this differential pattern of activity results from nonspecific differences in attentional demands between the two conditions, such as arousal or difficulty. Frontoparietal activity has not been observed during the performance of other visual tasks in which attentional demands were varied systematically (18) . Moreover, changes in attentional demands typically result in different levels of activation in ventral areas involved in representation of visual scenes (19) ; such differences were not observed in the present study when the two viewing conditions were compared. Instead, Table 1 . Coordinates and Z scores for event-related activation. Shown in the table are loci where event-related activity is greater during replay compared with rivalry (replay Ͼ rivalry); modulation of activity above baseline is measured when viewing dichoptic stimuli (rivalry) or replayed scenes (replay); and event-related activity is greater during rivalry compared with replay (rivalry Ͼ replay). Only the most significant peaks within each area of activation are reported in the SCIENCE ⅐ VOL. 280 ⅐ 19 JUNE 1998 ⅐ www.sciencemag.org the present results are more consistent with the notion that a distributed frontoparietal system specifically mediates the perceptual switches experienced during rivalry. Right frontoparietal areas have been traditionally implicated in visual tasks requiring spatial shifts of attention and working memory (20) (21) (22) (23) (24) . Visuospatial neglect syndromes occur most frequently and are more severe after lesions in the right inferior parietal and inferior frontal cortex (21) . Moreover, functional imaging experiments have shown that the region of superior parietal cortex identified in the present study is also engaged by successive shifts of spatial attention (22) . Finally, differential activation of right extrastriate cortex has been reported in tasks directing attention to global aspects rather than local details of figures (23) . But our results show that these cortical areas are also involved in a phenomenon that exhibits a number of differences compared to visuospatial attention. In contrast to shifts of attention, there is no spatial component to the perceptual transitions elicited during rivalry; moreover, whereas attentional shifts are subject to top-down influences, rivalrous transitions recur in the absence of voluntary control; finally, spatial attention also engages visual and motor areas that were not activated during rivalry (24) . Why then should both phenomena involve overlapping regions of frontoparietal cortex? One possibility is that these areas subtend separate neural mechanisms for spatial attention and perceptual rivalry. However, it is striking that both phenomena entail the suppression of visual information from conscious perception. Monocular stimuli become periodically invisible during rivalry; similarly, sensory events associated with unattended stimuli have a diminished impact on awareness during covert attention. These effects occur in both cases in spite of a rather constant retinal input. Both phenomena may therefore call upon a common neural machinery in frontoparietal cortex, involved in the selection of neuronal events leading to visual awareness.
Thus, our results suggest that the role of frontoparietal areas in conscious perception extends well beyond that of spatial processing. Consistent with this notion, lesions of parietal and inferior frontal cortex cause disorders of nonspatial forms of perceptual selection, in addition to spatial disorders (25) . Further investigation of frontoparietal function in both human and nonhuman primates may lead to a better understanding of the neural processes underlying the formation of perceptual states and the awareness of sensory stimuli. and viewed a small projection screen through a mirror mounted on top of the RF coil above the participant's head. Head movements were restrained by foam pads. Stimuli were projected onto the screen by means of an LCD projector. They consisted of pairs of square images, each subtending approximately 3.5°of visual angle. Before scanning began, participants used a keypad to modify the lateral separation of the two images used during dichoptic stimulation so that each image was seen through only one eye and that stereoscopic fusion and binocular rivalry could be comfortably attained. All subsequent stimuli presented during that scanning run were then presented at those locations. Subjects indicated with two keys perceptual transitions from face to grating or vice versa, using their dominant hand. A Siemens VISION (Siemens, Erlangen) operating at 2 T was used to acquire BOLD contrast functional images. Image volumes were acquired continuously every 400 ms, each comprising 48 contiguous 3-mm-thick slices to give whole-brain coverage with an in-plane resolution of 3 mm by 3 mm. Functional imaging was performed in two scanning runs comprising 496 volumes in total. In each scanning run, after eight image volumes were discarded to allow for T1 equilibration effects, the rivalry experimental condition was presented for 41 s (10 scans) followed by the replay condition for 41 s followed by 41 s of rest. Each condition was then repeated for a total of eight repetitions per run. At the beginning of each experimental session a T1-weighted anatomical image was acquired for coregistration with the functional images. 8. Because of the slow time constants of BOLD responses (Ͼ2 s), contrasts of the face and grating stimuli were manipulated to promote long intervals between consecutive perceptual alternations, and therefore optimize the conditions for detecting neurophysiological correlates of transition events by fMRI. Frequency histograms of dominance time for the face and grating were constructed for each participant from the rivalry reports collected during the scanning session. Of the 10 volunteers that were scanned, 6 had long mean dominance times and were retained for analysis of brain activity (4 males Sheinberg, Annu. Rev. Neurosci. 19, 557 (1996) . 14. N. Kanwisher, J. McDermott, M. M. Chun, J. Neurosci. 17, 4302 (1997) . 15. To analyze further the hemodynamic activity associated with perceptual changes in the absence of stimulus change, we tested for the presence of activity that correlated with the perceptual dominance or suppression of the face stimulus during rivalry. Compared to our main analysis of perceptual transitions per se, we expected that such a test would emphasize areas involved in the visual representation of faces, while de-emphasizing additional areas associated with transition events that are not face-specific. Areas that were significantly more active when the face was perceived than when it was not seen (P Ͻ 0.05 corrected) were largely confined to the fusiform gyri; maximally activated foci were located at x ϭ 36, y ϭ Ϫ45, z ϭ Ϫ24 ( Z ϭ 7.34); x ϭ 36, y ϭ Ϫ60, z ϭ Ϫ21 ( Z ϭ 6.37); x ϭ Ϫ33, y ϭ Ϫ66, z ϭ Ϫ15 (Z ϭ 6.71); x ϭ Ϫ36, y ϭ Ϫ45, z ϭ Ϫ24 ( Z ϭ 6.24). 16. Although both rivalry and replay conditions yielded similar hemodynamic responses in the anterior cin-
